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Modeling Biomass Procurement Tradeoffs within a Cellulosic Biofuel Cost Model 
 
Abstract 
We develop a long-run cellulosic biofuel cost model that minimizes feedstock procurement and 
processing costs per gallon. The distinguishing feature of the model is that it accounts for the 
procurement tradeoff between the intensive margin (biomass producers’ participation rate) and 
extensive margin (biomass capture region). To investigate the extent to which this procurement 
trade-off affects processors’ cost-minimizing decisions, we apply the model to switchgrass 
ethanol production in U.S. crop reporting districts. Results suggest that location characteristics 
will determine the extent to which processors can reduce their total procurement costs by 
offering a higher biomass price to increase participation near the plant and reduce transportation 
costs.  
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1. Introduction  
Unstable energy prices and energy security, as well as environmental impacts of fossil fuels, 
have increased global interest in alternative and renewable energy sources. One potential energy 
source is cellulosic biofuel. By using feedstock such as grasses and crop residues, cellulosic 
biofuel is a renewable substitute for traditional transportation fuels. Several countries have 
implemented policies to encourage cellulosic biofuel development (An et al., 2011), but the 
economics of cellulosic biofuel production have limited industry expansion. U.S. cellulosic 
biofuel production has been well below initial policy targets.1  
It is generally agreed that significant cellulosic biofuel expansion will require more certainty 
in future cellulosic biofuel demand or improved efficiencies and lower costs in both feedstock 
procurement and biofuel processing (Miranowski et al., 2010; Sharma et al., 2013). As the 
industry is moving from pilot- to commercial-scale operations and policymakers are considering 
future biofuel policy, it is an opportune time to look more closely at commercial-scale cellulosic 
biofuel processor decisions as well as potential tradeoffs within these decisions. 
One of the major challenges for cellulosic biofuel producers is what is the optimum plant size 
given expected local supply of feedstock, or alternatively, at what plant size do the cost 
economies of biofuel processing equal the cost diseconomies of procuring additional biomass 
feedstock. If a plant is built to a specific capacity based on expected local feedstock supply, the 
plant may generally find importing feedstock from outside the local market to be prohibitively 
expensive if local shortfalls occur.2  
                                                     
1 The U.S. Revised Renewable Fuels Standard (RFS2) outlined in the 2007 Energy Independence and Security Act 
(EISA) includes a cellulosic biofuel volume requirement that increases from 100 million gallons in 2010 to 16 
billion gallons in 2022 (U.S. EPA 2012). Actual U.S. cellulosic biofuel production has not expanded as rapidly as 
the mandated quantities. In response, the Environmental Protection Agency (EPA) waived a majority of the 
cellulosic biofuel mandates for 2010 through 2014. 
2 This differs from traditional commodity crops such as corn, soybeans, small grains, etc. Established infrastructure 
for production, storage, and transportation allows commoditized crops to be traded on regional, national, and global 
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We build a long-run cost model that identifies the optimal combination of plant size and 
feedstock procurement to minimize biofuel costs per gallon for a given location. The common 
approach in the literature is to assume there is a fixed amount of local land allocated to biomass 
production. Any increase in feedstock demand is met by purchasing biomass from more distant 
areas in the local market (e.g., Brechbill and Tyner 2008, Gan and Smith 2011, Gustafon et al. 
2011, Haque and Epplin 2012, Khanna et al. 2011, Leboreiro and Hilaly 2011, Parker et al. 2011, 
Popp and Hogan Jr. 2007, Rosburg and Miranowski 2011, U.S. DOE 2011). The model we 
propose relaxes this assumption by making the biomass price offered by the processor a choice 
variable. Increases in local biomass supply may be achieved by increasing the price paid for 
delivered feedstock, thus increasing biomass production (participation) nearer the plant as well 
as beyond. We explore how participation rate and capture distance affect the processor’s cost-
minimizing decision and the potential local feedstock supply.3  
The model is operationalized using switchgrass as a feedstock for ethanol production. We use 
biofuel processing costs, switchgrass production costs, feedstock transportation costs, and the 
opportunity cost of potential biomass cropland. Non-linear optimization is used to find expected 
cost-minimizing combinations of biomass price and plant size for each location. Then we 
identify location characteristics that jointly determine plant size and biofuel production.  
                                                     
markets. While commodity-based biofuel plants may get a majority of their feedstock from the local region, 
additional feedstock can be imported from another region without incurring prohibitively higher short-run feedstock 
costs. Infrastructure of this type has not yet developed for biomass (Babcock et al., 2011; Miranowski et al., 2010). 
3 To our knowledge, the cost model we present is the first to account for this procurement trade-off. A working 
paper version of this model was initially presented online in Rosburg et al. (2012) and Rosburg (2012). While 
Leboreiro and Hilaly (2011) acknowledge the existence of this tradeoff, their analysis uses a fixed participation rate. 
More recently, Sesmero and Gramig (2013) and Sesmero et al. (2014) consider the intensive and extensive margin 
trade-off for stover procurement in Indiana, and Yu et al. (2014) include an intensive and extensive trade-off for a 
switchgrass supply system in Tennessee.  
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2. Cellulosic biofuel cost model 
Biofuel production costs are closely tied to the availability and cost of feedstock. Locations 
with abundant, low-cost feedstock will attract larger, more efficient plants. We model a biofuel 
processor who considers building a commercial-scale biofuel plant at location 𝑙𝑙. The processor’s 
objective is to minimize the long-run total cost per gallon.4 This objective is achieved by 
choosing the optimal plant size subject to the cost of procuring feedstock delivered to the plant, 
or the price per ton that the biofuel processor has to pay feedstock producers.5 In this model, the 
processor pays each biomass supplier the same price per ton of delivered feedstock. The 
delivered price covers payment for the feedstock produced, PB,l, and the cost of feedstock 
transportation and delivery to the processing plant. While biomass producers closer to the plant 
gain locational rents that are ultimately capitalized into land values, producers at the edge of the 
capture radius only cover production and transportation costs. Farmers within the capture radius 
of the plant will supply biomass if the price they receive is greater than or equal to their 
opportunity cost of supplying biomass.  
In determining the cost-minimizing plant size, Ql, the processor observes that the local 
supply of biomass is a function of the price offered. Local biomass producers have different land 
opportunity costs and may respond differently to market prices. As biomass price increases, 
producers within the capture radius may choose to supply biomass in greater quantities. We refer 
to this as the local participation rate function, dS,l(PB,l). It is non-decreasing in biomass price (i.e., 
∂dS,l/𝜕𝜕PB,l ≥ 0) and can take values between 0 and 1. Modeling the local participation rate as a 
                                                     
4 We minimize long-run average cost rather than maximize long-run profits for two reasons. First, this approach 
follows previous literature on the optimal biofuel plant size. Second, cellulosic biofuel is not likely to achieve long-
run breakeven at current oil prices (Rosburg and Miranowski 2011). The plant size would be zero without 
significant fiscal incentives, higher long-run fuel prices, or enforced mandates. 
5 All per ton values are on a dry weight basis. 
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function of price is a departure from previous modeling efforts that assume a fixed local 
participation rate. In those models, the processor takes the local field-side biomass price as given 
and increases in biomass demand (i.e., increase in plant size) are met by increasing the radius of 
the local biomass supply area.6 Recent farmer surveys provide evidence that farmers in many 
regions are willing to allocate more land to biomass production as the biomass price increases. 
Further, farmers may differ in the minimum price at which they are willing to supply biomass 
even under relatively uniform production conditions (Altman et al., 2015; Bergtold et al. 2011, 
Bergtold et al. 2014, Menard et al. 2011, Qualls et al. 2011). Modeling local participation as a 
function of biomass price allows processors to increase feedstock supply closer to the plant by 
increasing the offer price.  
Given the price-dependent biomass participation function, a processor for each location l ∈ L 
chooses the cost-minimizing plant size (Ql) and biomass price (PB,l) to minimize the long-run per 
gallon biofuel cost (Cl):  
(1)  min
𝑄𝑄𝑙𝑙,𝑃𝑃𝐵𝐵,𝑙𝑙𝐶𝐶𝑙𝑙�𝑄𝑄𝑙𝑙,𝑃𝑃𝐵𝐵,𝑙𝑙� = min  𝑄𝑄𝑙𝑙,𝑃𝑃𝐵𝐵,𝑙𝑙 �𝐶𝐶𝐾𝐾(𝑄𝑄0) ∙ �𝑄𝑄𝑙𝑙𝑄𝑄0�𝑒𝑒−1 +  𝐶𝐶𝑂𝑂  +  1𝑌𝑌𝑂𝑂 ∙ �𝑃𝑃𝐵𝐵,𝑙𝑙 + 𝑡𝑡 ∙ 𝑟𝑟�𝑄𝑄𝑙𝑙,𝑃𝑃𝐵𝐵,𝑙𝑙� + 𝑆𝑆��  
       Conversion costs    Procurement costs 
where e ∈ [0, 1), ∂r/∂Ql > 0, ∂r/∂PB,l ≤ 0, and Ql, PB,l ≥ 0.     
The cost function has two components: biomass conversion costs and biomass procurement 
costs. Biomass conversion costs include operating and capital costs. Operating costs are assumed 
independent of plant size while capital costs are assumed to exhibit economies of plant size 
(Brown 2003). The per gallon capital costs for a specific plant size QO [CK(Q0)], the economies 
                                                     
6 Recent examples include: Gan and Smith (2011), Haque and Epplin (2012), Leboreiro and Hilaly (2011), and 
Parker et al. (2011). 
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of size scaling factor (e), and per gallon operating costs (CO) are assumed known to the processor 
and equal in all locations 𝑙𝑙 ∈ 𝐿𝐿.7  
Biomass procurement costs include the cost to acquire and store delivered feedstock. To 
convert biomass costs per ton to a per gallon biofuel basis, we divide by biofuel gallons 
produced per ton biomass (YO). Storage costs (S) are fixed per ton and equal for all locations l ∈ 
L. The feedstock transportation cost is a per ton-mile cost (t) multiplied by the biomass capture 
radius in miles (rl). The capture radius for a plant in location l is a function of the feedstock 
demand (i.e., plant size) and local biomass supply characteristics including producer 
participation rate. We model capture radius following French (1960) for a circular biomass 
supply area with a square road grid:  
(2)      𝑟𝑟𝑙𝑙(𝑄𝑄𝑙𝑙,𝑃𝑃𝐵𝐵,𝑙𝑙) =  γ ∙ � 𝑄𝑄𝑙𝑙𝑌𝑌𝑂𝑂∙𝑌𝑌𝐵𝐵,𝑙𝑙∙𝑑𝑑𝑀𝑀,𝑙𝑙∙𝑑𝑑𝑆𝑆,𝑙𝑙(𝑃𝑃𝐵𝐵,𝑙𝑙)     
where γ is a conversion coefficient,8 Ql/YO is feedstock demand in tons, YB,l is biomass yield per 
acre in region l, dM,l is the maximum proportion of land available for biomass production in 
region l,9 and dS,l (PB,l) is the percentage of dM,l that supplies biomass at price PB,l. The capture 
radius is location-specific and determined by the model. Therefore, the price per ton received by 
all producers in region l for delivered biomass is 𝑃𝑃𝐵𝐵,𝑙𝑙 + 𝑡𝑡 ∙ 𝑟𝑟�𝑄𝑄𝑙𝑙,𝑃𝑃𝐵𝐵,𝑙𝑙�.  
                                                     
7 The value of (e – 1) in Equation (1) represents the rate at which per gallon capital costs change with plant size. 
8 French (1960) provides a flexible framework for modeling alternate transportation systems; the conversion 
coefficient of 𝛾𝛾 can be adjusted for different transportation systems (i.e., capture radius vs. average hauling distance, 
circular vs. square supply plane, road grid, etc.). French’s general framework has been adapted by several others to 
analyze biomass transportation (e.g., Beach et al. 2012, Kung et al. 2013, McCarl et al. 2000).  
9 The assumption of a maximum proportion of land available for biomass supply is consistent with previous biomass 
supply analysis (Khanna et al. 2011, de la Torre Ugarte et al. 2003, English et al. 2006, English et al. 2010; Parker et 
al. 2011, U.S. DOE 2011). We do not model land use change or consider potential feedback effects.  
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The processor’s conditions for determining the plant size (Ql) and biomass price to pay (PB,l) are 
derived from Equations (1) and (2). The following FOC for biomass price represents the effect of 
biomass price on per-gallon biofuel cost:  
(3)    𝜕𝜕𝐶𝐶𝑙𝑙
𝜕𝜕𝑃𝑃𝐵𝐵,𝑙𝑙 = 1𝑌𝑌𝑂𝑂 − 𝑡𝑡∙𝛾𝛾2∙𝑌𝑌𝑂𝑂 � 𝑄𝑄𝑙𝑙∗𝑌𝑌𝑂𝑂∙𝑌𝑌𝐵𝐵,𝑙𝑙∙𝑑𝑑𝑀𝑀,𝑙𝑙 ∙ 𝜕𝜕𝑑𝑑𝑆𝑆,𝑙𝑙(𝑃𝑃𝐵𝐵,𝑙𝑙∗ )𝜕𝜕𝑃𝑃𝐵𝐵,𝑙𝑙 ∙ 𝑑𝑑𝑆𝑆,𝑙𝑙(𝑃𝑃𝐵𝐵,𝑙𝑙∗ )−32 = 0. 
Equation (3) formalizes the procurement tradeoff facing processors. In determining the optimal 
plant size, the processor knows that additional biomass can be procured by offering a higher 
price, both increasing participation of local biomass producers in proximity to the plant (the 
intensive margin) and increasing the capture radius. With a variable local participation rate, the 
optimal biomass price (or intersection of biomass derived demand and local biomass supply) will 
occur where the marginal benefits from increasing plant size are equal to the marginal costs of 
acquiring additional feedstock for each location.10  
This paper’s innovation is the development of a model in which local biomass producers 
adjust the quantity of biomass supplied in response to price. Figure 1 illustrates how this model 
compares with biofuel cost models that fix the participation rate.  
 
 
 
  
                                                     
10 We assume the processor makes the plant size decision based on the expected plant life and expected biomass 
production conditions. The processor uses available information on expected average yields, biomass production 
costs, and distribution of opportunity costs over the expected plant life. The model is evaluated under deterministic 
conditions; we do not consider potential biofuel production risks such as feedstock supply risk. To the extent that a 
potential processor may choose to build a smaller plant than the minimum efficient plant size to hedge the financial 
risk of a biomass shortfall, our model results overestimate plant size and underestimate cost. Further, we do not 
account for locational differences in length of harvest window; see Haque and Epplin (2012), Mapemba et al. 
(2007), Mapemba et al. (2008), or Thorsell et al. (2004) for biomass supply models that account for geographic 
differences in harvest windows.  
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Figure 1 – Biofuel cost function for a select location 
(a) Fixed participation rate   (b). Participation rate function 
   
In models where the participation rate is fixed, there is a single cost-minimizing plant size choice 
as in Figure 1(a).11 By allowing participation rate to vary, we identify the many isocost lines that 
form the cost surface depicted in Figure 1(b). The model identifies the least cost combination of 
plant size and participation rate (i.e., minimum point on the cost surface). The extent to which 
biofuel cost and plant size are over- or underestimated using the approach in Figure 1(a) will 
depend on how close the fixed participation rate and biomass price are to the values at the 
minimum point in Figure 1(b).  
3. Data and empirical approach 
We apply the cost model in Equation (1) to U.S. switchgrass production. Processing plant 
locations are defined as U.S. crop reporting districts (CRDs) for rain-fed regions where 
production data are available.12 The analysis is based on production data from 182 CRDs.13 To 
                                                     
11 When biomass price and participation are fixed, Equations (1) and (2) simplify to a single variable problem where 
the cost-minimizing plant size and capture radius depend on the assumed local participation rate and are independent 
of the price of biomass. 
12 County-level land area was frequently insufficient to supply enough biomass for a commercial-scale plant. Rain-
fed regions include the Northern and Southern Plains, Corn Belt, Lake States, Delta States, Southeast, Appalachia, 
and Northeast. Four districts located in south and east Texas were removed because of low switchgrass yields and 
high switchgrass production costs. 
13 All plants are assumed to be single-feedstock conversion plants. Our estimates will serve as an upper bound on 
feedstock costs if plants can use multiple feedstocks.  
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avoid double-counting acreage and overestimating potential biofuel supply, we assume that only 
one plant will locate in a district.14  
Table 1. Data and Parameter Assumptions 
Parameter Value Source(s) 
Biofuel conversion 
Technology Biochemical Kazi et al. (2010) 
Q0 53.4 mgya Kazi et al. (2010) 
CK(Q0) $0.72/gal  
Total cost $375.9 million Kazi et al. (2010) 
Debt financing 100% Wright and Brown (2007b) 
Years 20 years Wright and Brown (2007b) 
Interest rate 8% Wright and Brown (2007b) 
CO $1.40/gal Kazi et al. (2010)a 
YO 69.2 gal/dtb Kazi et al. (2010) 
e 0.75 Severalc 
Swichgrass procurement 
𝑃𝑃𝑆𝑆𝑆𝑆,𝑙𝑙  CRD-specific ($38-76/dt) Khanna et al. (2011) 
YB,l CRD specific (1.4-6 dt/acre) Khanna et al. (2011) 
S $15.50/dt Miranowski and Rosburg (2010)d 
t  $0.71/dt/mile Wright and Brown (2007b) 
γ  0.0223 French (1960) 
dM,l 25% CRD cropland pasture 
25% CRD permanent pasture 
25% CRD CRP acreage 
25% CRD failed cropland 
10% CRD harvested cropland 
2007 Agricultural Census data (NASS) 
and CRP enrollment data  
dS,l(PB,l) CRD-specific function CRP offers data (USDA – FSA) 
a Sum of annual operating costs reported by Kazi et al. (2010). Includes co-product credit but excludes capital 
depreciation and average return on investment. 
bdt denotes dry tons 
c Cameron et al. (2007), De Wit et al. (2010), Gan (2007), Kaylen et al. (2000), Kumar et al. (2003), Leboreiro and 
Hilaly (2011), Searcy and Flynn (2009), and Wright and Brown (2007a). 
 d Reported value includes biomass loading and unloading costs. 
 
                                                     
14 We conducted sensitivity analysis on the one biorefinery assumption. A second biorefinery is generally not 
economically feasible unless biomass procurement and biofuel processing costs are significantly reduced (results 
available in Rosburg 2012). 
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Table 1 summarizes the data and sources from which they come. Biofuel processing costs are 
based on engineering cost estimates for a biomass to ethanol plant using a biochemical process 
(Kazi et al. 2010).15 Biochemical processing is the current technology used in United States 
commercial cellulosic biofuel plants.16 Engineering cost estimates are documented in Aden 
(2008, 2009), Aden et al. (2002), and Kazi et al. (2010). A co-product of biochemical biomass 
processing is lignin, which is burned to produce electricity at the plant. We assume excess 
electricity from burning lignin is sold to the power grid, and a corresponding co-product credit is 
accounted for in operating costs (CO).  
Switchgrass is a dedicated energy crop whose production on a commercial scale is relatively 
new. It is generally thought that switchgrass will compete with other low opportunity cost crops 
(English et al., 2006; Yu et al., 2014). Following the existing literature, we limit the acreage 
available for switchgrass production in each district (dM,l) to 10% of harvested cropland and 25% 
of cropland pasture, permanent pasture, failed cropland, and CRP acreage.17 The percentage of 
available acreage, dM,l, that will be used to supply biomass is determined by the local 
participation rate [dS,l(PB,l)], which depends on the price offered by the plant. A farmer will 
participate in supplying biomass if the offered price exceeds his opportunity cost. We assign all 
farmers in each district the CRD average switchgrass production costs and average yield; 
however, land opportunity costs per acre are allowed to vary within the district, as discussed 
shortly. The basis for this assumption is that switchgrass yields on marginal cropland exhibit less 
                                                     
15 The plant outlined in Kazi et al. (2010) is for corn stover to ethanol. We assume conversion costs (𝐶𝐶𝐾𝐾, 𝐶𝐶𝑂𝑂) are 
similar for switchgrass to ethanol and equal for all locations.  
16 Three commercial-scale biochemical conversion plants are either operational or expected to be operational in 
2015: Abengoa’s 25 million gallons per year (mgy) plant in Hugoton, Kansas, POET-DSM Advanced Biofuels, 
LLC’s 25 mgy plant in Emmetsburg, Iowa, and DuPont Danisco Cellulosic Ethanol’s (DDCE) 27.5 mgy plant in 
Nevada, Iowa.  
17 Acreage assumptions are similar to those made in de la Torre Ugarte et al. (2003), English et al. (2006), English et 
al. (2010), Khanna et al. (2011), Parker et al. (2011), and U.S. DOE (2011). Rosburg et al. (2012) report sensitivity 
of model results to the available acreage assumption. 
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variance with soil quality than traditional (cash) crops.18 Thus, farmer i in district l allocates land 
into switchgrass production if the following condition holds: 
(4)      𝑃𝑃𝐵𝐵,𝑙𝑙 ≥ 𝑃𝑃𝑂𝑂𝑂𝑂𝑂𝑂,𝑙𝑙,𝑖𝑖𝑌𝑌𝐵𝐵,𝑙𝑙 + 𝑃𝑃𝑆𝑆𝑆𝑆 ,𝑙𝑙(𝑌𝑌𝐵𝐵,𝑙𝑙),     
where POpp,l,i is farmer i's land opportunity cost per acre, YB,l is switchgrass yield per acre in 
district l, and PSG,l denotes switchgrass establishment and harvest costs per ton in district l. This 
land allocation condition is similar to that used by Yu et al. (2014).  
Switchgrass yields for each district are 75% of the simulated yield values from the crop 
productivity model MISCANMOD (Khanna et al. 2011). The lower yield assumption reflects 
recent field and adjusted plot trials and accounts for lower collection efficiency and additional 
handling losses (Rosburg and Miranowski 2011). Switchgrass yields range from 1.4 – 6 tons per 
acre with an average 4.2 tons per acre across all districts. Annualized establishment and harvest 
costs per ton for each district are also from Khanna et al. (2011) and adjusted to reflect the lower 
per acre yield assumption. Establishment and harvest costs average $50 per ton across all 
districts and range from $38 – $76 per ton (2007$).  
Equation 4 makes explicit that farmers’ non-land costs of switchgrass production and 
switchgrass yields are the same for each farmer in a district; however, farmers’ land opportunity 
costs do vary. We proxy farmers’ land opportunity costs within districts using actual offers from 
producers to enroll their land in the Conservation Reserve Program (CRP). The distribution of 
opportunity costs within a district is constructed based on parcel-specific productivity measures 
for land when switching from an annual to perennial production system. These distributions, 
                                                     
18 The assumption of fixed switchgrass production costs and yields within districts underestimates the true variation 
in switchgrass production conditions. While switchgrass production costs and yields may be less dependent on soil 
quality than traditional crops, variation due to soil quality differences will still occur within districts. However, the 
data needed to identify variation in switchgrass production costs and yields within districts is not readily available. 
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switchgrass yields and production cost data are combined to estimate participation rate functions 
[dS,l(PB,l)] for each district. Using CRP data in this way allows us to incorporate land opportunity 
cost variations within a district that are otherwise difficult to proxy.19 The CRP data are used to 
express the distribution of land opportunity costs within each district; they do not serve to limit 
acreage considered in our analysis to CRP land. Rather, total switchgrass acreage is based on the 
participation rate function together with the maximum available acreage in each district (i.e., dM,l 
which includes limited amounts of CRP acreage, cropland pasture, permanent pasture, failed 
cropland, and harvested cropland). The data appendix provides further details on the CRP offers 
data used and the empirical estimation of the participation rate functions.  
4. Results 
The cost-minimizing plant size and biomass supply for each of the 182 districts is estimated 
using non-linear optimization. These cost-minimizing combinations define optimal participation 
rates, capture radii, and biofuel supply costs. Summary statistics are provided in Table 2, and 
they indicate considerable variation in the cost-minimizing combinations across districts. The 
optimal plant sizes (Ql) range from 10 mgy to 117 mgy, capture radii (rl) from 22 to 51 miles, 
and estimated opportunity costs �𝑃𝑃𝑂𝑂𝑂𝑂𝑂𝑂,𝑙𝑙
𝑌𝑌𝐵𝐵,𝑙𝑙 � range from $4 to $58 per ton.20  
Table 2 – Summary statistics of cost-minimizing decisions across 182 districts 
 𝑸𝑸𝒍𝒍 𝒓𝒓𝒍𝒍 
𝑷𝑷𝑶𝑶𝑶𝑶𝑶𝑶,𝒍𝒍
𝒀𝒀𝑩𝑩,𝒍𝒍  𝑪𝑪𝒍𝒍 
 (mgy) (miles) ($/dt) ($/gallon ethanol) 
Average  52 35 18.6 3.73 
Median  46 35 15 3.67 
Range 10 – 117 22 – 51 4 – 58 3.19 – 4.57 
                                                     
19 We thank an anonymous referee for correctly point out that, as with perennial crop production, land opportunity 
costs in the CRP also include a foregone options value. This is discussed further in the data appendix.  
20 The reported ethanol cost range of $3.19 to $4.57 per gallon ethanol is equivalent to $4.80 to $6.85 per gallon 
gasoline equivalent.  
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The innovation of this cost model is that it captures the biomass procurement tradeoff 
between biomass supply expansion along the intensive and extensive margins (i.e., participation 
rate vs. capture radius). The relevant question then is, how does this trade-off matter in terms of 
the efficient expansion of biofuel supply? We address this question in two ways. First, we 
evaluate how the procurement tradeoff differs across the 182 districts. Second, we evaluate the 
impact on biofuel supply from our cost model with a model that does not account for this 
procurement tradeoff. 
4.1 District-level procurement tradeoffs  
The summary statistics provide insight into the spatial variation in procurement costs and 
plant sizes, but they do not provide a picture of the underlying economic trade-offs. Figure 2 
illustrates the least-cost biofuel supplies at the district level (Ql, Cl).  
Figure 2. Estimated district-level switchgrass-ethanol supplies 
  
 
The degree to which a processor can capture cost savings and exploit plant size-procurement 
tradeoff varies greatly across districts. Given the parameters and assumptions used, switchgrass 
ethanol is, not surprisingly, less costly in rain-fed portions of northern Texas, Oklahoma, and 
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southern Kansas21 because of relatively higher expected switchgrass yields, lower opportunity 
costs, and greater land availability for switchgrass production. Lower land opportunity costs 
mean biomass procurement at these locations is relatively low cost, characterized by high 
participation rates and a relatively small capture radius. As production expands to districts with 
lower switchgrass yields, higher opportunity cost land, and less available land, processors build 
smaller plants. In these districts, the optimal decision is to operate at a lower point along the 
local participation rate function (i.e., 𝑑𝑑𝑆𝑆(𝑃𝑃𝐵𝐵)) and procure biomass from a larger radius. Figure 3 
illustrates these trends in the procurement strategy; capture radius and participation rate for each 
plant are plotted against the plant’s ethanol cost. For example, the first dot and first circle – the 
lowest-cost plant as measured by ethanol costs ($3.19 per gallon) – has a capture radius of 29 
miles and participation rate of 99%, respectively.22 As biomass production expands, the optimal 
biomass procurement strategy shifts from a smaller capture radius and higher participation rate 
(intensive margin) to a larger capture radius and lower participation rate (extensive margin).   
                                                     
21 Switchgrass production requires limited water relative to traditional cash crops (e.g., corn), which is one reason 
switchgrass was selected as the model herbaceous energy crop for biofuel feedstock (Crooks 2006, U.S. DOE 2011, 
Wright and Turhollow 2010).  
22 Recall that the participation rate reflects the percentage of “available land” that supplies biomass. Available land 
includes limited amounts of CRP acreage, cropland pasture, permanent pasture, failed cropland, and harvested 
cropland in each district (see page 9 for complete assumptions).  
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Figure 3 – Cost-minimizing procurement decisions as supply increases 
 
4.2 Comparison to cost model without procurement tradeoff  
Aggregating our district supply cost estimates provides a step-wise approximation to the 
switchgrass ethanol supply curve, referred to as the “baseline” in Figure 4. If we assume each 
district in our dataset builds a least-cost plant, then total estimated production could reach 9.5 
billion gallons per year (bgy) at a marginal cost of $4.57 for the last gallon produced. In reality, 
our model is constrained by yields, land availability, opportunity cost, and districts included; it is 
probable that aggregate supply costs could be reduced by relaxing the model’s constraints and 
expanding biofuel production in the current low-cost regions. 
In Figure 4, we compare our baseline supply estimate to those derived from a model with a 
fixed biomass price and a fixed local participation rate similar to the approach in prior studies. 
To evaluate the alternative cost model, we develop two scenarios with fixed biomass prices and 
participation rates.23 In Scenario 1, the fixed participation rate and opportunity cost are based on 
                                                     
23 Previous literature has used a variety of assumptions regarding farmer participation and the price of biomass. 
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the average rate of the 10 least-cost baseline plant locations; in other words, Scenario 1 
extrapolates the best-case conditions to all districts. Scenario 2 uses the average participation rate 
and opportunity cost of all 182 baseline plant locations. For both scenarios, all other switchgrass 
production costs are unchanged from the baseline model.  
Figure 4 – Estimated supply curve with and without procurement tradeoff 
 
 
Relative to the baseline, Scenario 1 underestimates the average cost of ethanol production 
(beyond 1 bgy) and overestimates total supply. Scenario 2 overestimates the cost of ethanol 
production up to 7.5 bgy and underestimates the cost of production beyond. The Scenario 2 
supply curve crosses the baseline curve because this scenario assumes all 182 districts have the 
average participation rate and opportunity cost, which applies less weight to efficient plants and 
more weight to inefficient plants. Figure 4 illustrates the additional flexibility in the baseline 
supply curve when substitution in procurement between participation rate and capture radius is 
included in the cost model. The supply curves for Scenarios 1 and 2 are relatively flat up to 8.5 
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bgy because important substitution opportunities in biomass procurement are ignored. For 
biomass ethanol policy purposes, the baseline model better informs policymakers on the 
potential supply costs of expanding biofuel production.  
The counterfactual aggregate supply curves in Figure 4 abstract from the district-level 
impacts of a fixed biomass price and local participation rate. The extent to which biofuel costs 
and plant size are over- or underestimated depends on how close these fixed assumptions are to 
the actual district-level conditions. If the conditions identified with an endogenous participation 
rate (i.e., baseline model) differ markedly from the fixed price and participation assumptions, not 
only will the estimated cost and plant size differ but the relative attractiveness of plant locations 
(i.e., order of entry) will change. To illustrate, Figure 5 considers three districts in the same state 
and compares our supply estimates to those derived under Scenario 2 (i.e., assuming an average 
production environment for all locations). For district A, the fixed assumptions are close to the 
minimum point on district A’s cost surface, and the estimated cost and plant size are similar in 
our model and Scenario 2. However, the fixed price and participation assumptions do not 
represent districts B and C as well, as can be seen in Figure 5. District B has high land 
opportunity costs and low switchgrass yields relative to the average production environment. The 
minimum of district B’s cost surface occurs at significantly lower participation rate and higher 
opportunity cost than the fixed assumptions. As a result, the fixed model underestimates biofuel 
cost by almost $0.10 per gallon. Conversely, district C has relatively low land opportunity costs 
and the fixed model over-estimates cost by $0.05 per gallon. Based on cost per gallon, the fixed 
model would suggest location B before location C; our model results reverse this order of entry 
into the aggregate supply curve.   
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Figure 5 – Sensitivity of district-level supplies to Scenario 2 assumptions for three districts 
in the same state 
District A 
Endogenous Participation Rate   Fixed participation rate and opportunity cost 
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Although the districts in Figure 5 are located in the same state, the degree to which cost 
estimates from Scenario 2 differ from the baseline varies. Moving beyond districts within the 
same state, the variation in supply effects increases as differences in switchgrass yields and 
opportunity costs become more pronounced. As a result, the lower end of the supply curves in 
Figure 4 are fairly stable in terms of order of entry of plants. However, beyond 4 bgy, the 
estimated cost and order of entry of plants between the fixed and baseline models become 
markedly different for some districts. For example, across the 182 districts, the largest difference 
in the estimated per gallon cost is $0.63 per gallon and largest repositioning of a plant in terms of 
its order of entry is 64 spots. Thus, even more important than the aggregate supply cost 
estimates, if policy incentives to spur the cellulosic biofuel industry are based on models with 
fixed price and participation rate assumptions, they may misdirect spatial efforts in promoting 
biofuel industry expansion.  
5. Conclusions 
A common approach in the literature that assesses biomass availability for biofuel is to 
assume the processor faces a fixed biomass participation rate by producers within the local 
production supply region. The use of a fixed participation rate provides a useful analytical 
simplification. But as we demonstrate, this simplification ignores important substitution 
opportunities in biomass procurement. We develop a long-run cost model that allows the local 
producers’ participation rate to vary with the price that the biofuel processor is willing to offer to 
procure biomass. Specifically, we model a biofuel processor that jointly chooses a plant size and 
price of biomass that minimize feedstock procurement and processing costs while recognizing 
the procurement trade-off between the participation rate and capture radius.  
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An application to switchgrass ethanol in 182 U.S. CRDs found that plant sizes and 
procurement conditions vary widely across districts. Our results indicate that accounting for the 
variation in landowners’ opportunity costs has important implications on the processor’s plant 
size and procurement decisions. In regions with higher switchgrass yields, lower land 
opportunity costs, and a greater percentage of potential cropland available for biomass 
production, larger plants can be built and biomass procured from more concentrated and lower 
cost production districts to a point. As biofuel production expands into regions with higher 
opportunity cost land, the processor builds smaller plants, targets a lower participation rate, and 
procures biomass from a relatively larger capture radius.  
A comparison of our model results to model results from a fixed participation rate and 
biomass price illustrates the additional variation in the biofuel supply curve when accounting for 
this procurement tradeoff. The fixed model does not permit the flexibility that exists for the most 
efficient locations and assumes more flexibility than actually exists for higher cost locations. 
Identifying these potential cost tradeoffs are especially important for a fledgling industry. 
Our empirical application considered a single feedstock (switchgrass). If plants can use 
multiple feedstocks (e.g., switchgrass and corn stover), our estimates will serve as an upper 
bound on feedstock costs and biofuel costs, particularly in cash crop intensive CRDs that enter at 
higher costs. With the ability to convert multiple feedstocks, these plants may realize significant 
cost savings by procuring biomass more intensively near the plant. Finally, our empirical 
application only considered one source of biomass producer heterogeneity via differences in land 
opportunity costs. With available data, the proposed cost model can be extended to capture 
additional sources of heterogeneity such as biomass yields. Therefore, our model results 
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underestimate the potential impact of using a flexible model that captures the biomass 
procurement tradeoff.  
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Appendix – CRP Data Appendix 
Land opportunity costs within a CRD are based on Conservation Reserve Program (CRP) 
offers data from general signup 26 in 2003. From these, opportunity cost distributions are 
constructed to ultimately arrive at switchgrass participation functions. To ensure land 
opportunity costs are consistent with the 2007 yield and non-land production cost data, a CRP 
rental rate index is constructed and the 2003 values are updated to reflect CRP values in 2007. 
We examine the relative district-level CRP rates in 2003, 2007 and 2012 to ensure that there are 
not significant differences in relative CRP rates by district that would influence participation 
functions.  
Description of CRP Offers Used 
The mechanism by which land was enrolled into the CRP is described in detail in Jacobs et 
al. (2014) and Kirwan et al. (2005). The offer process was similar for general signups that took 
place during the period 2003 to 2012 and is still used today. Landowners submit offers to the 
FSA, each offer stating the annual per-acre rental rate at which the landowner will retire land 
from agricultural production and place it in the CRP for 10 – 15 years. Offers submitted cannot 
include a rental rate that is greater than the FSA established rental rate, which is based on the soil 
productivity of the parcel’s predominant three soil series and county-specific dryland cash rents. 
These are updated periodically to reflect production conditions regionally and locally.  
The literature concerning rental rates in the CRP posits that a landowner’s offered rate 
includes the opportunity cost of the land in its most productive agricultural use and also 
premiums which likely incorporate an option value. Landowners frequently offer land at a rate 
below their parcel’s established maximum to increase the likelihood that their offer is accepted 
(Jacobs et al., 2014). Yet, for some parcels, the offered rental rates are estimated to be greater 
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than the true reservation rent, resulting in excess rent premiums (Kirwan et al., 2005). Isik and 
Yang (2004) find, using a real options model, that uncertainty over future farm income and 
commodity prices, and also reversion costs, result in a positive option value assigned to delaying 
the enrollment decision. Within counties and CRDs, the CRP data we utilize exhibit significant 
variation in the offered rental rates by producers for land eligible to be enrolled in the CRP: each 
parcel potentially has a different maximum rental rate and each landowner can submit an offer at 
or below their specific maximum. Further, the option value that likely exists in the decision to 
produce switchgrass for biomass is at least partially represented in CRP option values that have 
been found to exist.  
The data we extract from the CRP offers are the producer-supplied annual rental rates for all 
offers, both accepted and rejected. Offers could be rejected for two reasons: 1) the overall offer 
scored too low relative to other offers given the targeted enrollment acres, and 2) the county 
maximum of 25% of agricultural land in CRP was already met. Because we observe the full set 
of offers during the general signup, we are able to observe a distribution of landowners’ 
willingness to accept for retiring agricultural land from production. These data are the basis for 
constructing the district-specific land opportunity cost distributions. Over 1.6 million acres were 
enrolled in the CRP as a result of general signup 26. 
The CRP offers data used are the most recent available since the implementation of updated 
Freedom of Information Act requirements governing the release of federal program data. 
Average county-level CRP data are available for more recent years, but these are compiled only 
from offers accepted and do not provide information on the distribution of offers within each 
district. We update the CRP offers data from 2003 to be consistent with the 2007 yield data by 
indexing the 2003 contract offers within a county to the average and then normalizing those to 
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the 2007 county averages. In this way, we recognize the jump in county-level averages that was 
experienced in the CRP but maintain the relative distribution of land opportunity costs. 
Estimating Participation Rates with CRP data 
CRP offers data allow an estimation of participation rate functions based on observed farmer 
decisions. For each CRD with at least 20 offers to enroll land, a nonparametric kernel density 
estimator is used to construct a cumulative distribution function (CDF) of offered rental rates 
weighted by offered acreage in each CRD; we use the Epanechnikov kernel function, an efficient 
and computationally compact kernel function, to derive the fitted distribution functions 
(Silverman 1986, Cameron & Trivedi 2005).24 The fitted CDF provides an estimate of the 
fraction of land available at or below each per acre CRP payment rate. We use the fitted CDF of 
CRP offers for each district together with switchgrass yields, establishment costs, and harvest 
costs to estimate district-specific switchgrass participation rate functions [dS,l(PB,l)].  
Relative CRP Values over Time 
CRP rental values have generally increased over time, and were greater in 2012 and 2007 
than in 2003, driven primarily by the increase in cash rental rates for agricultural land. The extent 
to which the relative rates across districts have changed has implications for land opportunity 
cost distributions. To identify the extent of this issue, we construct a CRP index based on county-
level CRP payments and acreage. In 2003, 2007, and 2012, each CRD is indexed to a baseline 
CRD that represents the median rental rate in that year. The baseline CRD is the same in each 
                                                     
24 Silverman (1986) argues at least four data points are needed for an accurate nonparametric estimate of a one 
variable distribution. Others have argued Silverman’s minimum values may be an underestimate. Therefore, we use 
a conservative cutoff value of 20 based on the minimum data points Silverman recommends for a two-dimensional 
distribution. Fifty-three districts that did not meet this cutoff value were not considered in our analysis. 
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year. The first three columns in Table A.1 summarize the distribution of index values for each 
year (denoted as IYear). While per-acre rates have changed over time, the distribution of rates 
across the 182 CRDs are consistent across years. Further, to evaluate whether relative district 
rankings have remained constant, we calculate the ratio of index values in 2007 and 2012 relative 
to 2003 for each district; a value of 1 indicates that the district maintained its relative position 
within the 182 districts. The last two columns in Table A.1 summarize the distributions of index 
ratios. The distributions are concentrated around 1 suggesting that districts have maintained their 
relative rankings between 2003, 2007 and 2012 (e.g., a low-index CRD in 2003 is still low-index 
in 2007 and in 2012). Based on the CRP index values, we do not suspect that changes in CRP 
payments – our identification of land opportunity costs within districts – significantly impacts 
the participation rate functions we estimate for 2007. 
Table A.1. CRP Index Summary 
Percentile Index Values Index Ratios 
 I2003 I2007 I2012 I2007/I2003 I2012/I2003 
10th 0.65 0.63 0.62 0.92 0.92 
25th 0.74 0.71 0.75 0.96 0.94 
50th 1.00 1.00 1.02 0.98 1.01 
75th 1.45 1.44 1.56 1.02 1.10 
90th 1.83 1.97 2.02 1.08 1.18 
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